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ABSTRACT: The mechanism of the acid-catalyzed intramolecular Hsgt o

Schmidt reaction of 2-azidopropylcyclohexanones was studied using
density functional theory (primarily M06-2X). The reaction was found
to proceed through rapid formation of azidohydrin intermediates
followed by rate-determining concerted N,-loss/shift of the alkyl group

Ry

or

Ry

Ry Ry

antiperiplanar to the N, leaving group. For cases where steric, lone
pair—cation, and cation—7 effects have been invoked previously as regiocontrol elements, the origins and magnitudes of these

effects have been examined theoretically.

B INTRODUCTION

The intramolecular Schmidt reaction was reported in 1991 to
be an effective and general means of generating fused lactams having
different ring sizes and substitution patterns (e.g, Scheme 1.
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Using this methodology to access bridged bicyclic lactams (m)?
as major products proved more challenging but was ultimately
shown to be promoted by the positioning of an aryl* or
thioether™® group at the a-position of the ketone (R, in
Scheme 1), which was proposed to provide selective stabiliza-
tion to the transition state structure for formation of the bridged
system through cation—z’ or lone pair—cation interactions with
the departing N, group. Herein, we present the results of a
theoretical study on the mechanism of the intramolecular Schmidt
reaction of 2-azidopropylketones (I) and the factors controlling
the competition between the formation of fused (II) and bridged
(II1) lactam products.®

B METHODS

All structures were optimized using M06-2X° as implemented in
GAUSSIANO09'® with the 6-31G(d,p) basis set, along with treatment
of solvation using the CPCM*!" solvation model (with UFF radii)
unless otherwise noted. Experimentally, reactions were run in di-
chloromethane with various amounts (often excess) of various acids
(usually TfOH, but also TFA and HBE,)."**7% It is not at all clear
what dielectric constant is most appropriate to use in applying a
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continuum solvent model to such systems, but we settled on using a
water model. Tests on several systems, including the parent
(R;=R,=H) system (see the Supporting Information), with a
dichloromethane continuum model indicated that the relative energies
of competing transition state structures were not sensitive to the
choice of solvent. In addition, energetics for the parent system were
recalculated at the M06-2X/6-311++G(2d,2p)//M06-2X/6-311++G-
(2d,2p) level, but no significant changes were found (vide infra). For
all systems, several conformers with respect to rotation about C—OH,
0O/S—CHj;, and/or C—Ph bonds were evaluated, but only the lowest
energy minima and transition state structures are discussed in detail
herein; see the Supporting Information for information on others. For
systems where sulfur—N, interactions were possible, long-range
corrected B3LYP (CAM-B3LYP)"* was also used used for comparison,
even though M06-2X has been shown to be effective at treating a
variety of noncovalent interactions."® For these systems, natural bond
orbital (NBO) analysis'* was used to assess the degree of lone pair—
cation interactions. The B3LYP,"> wB97X-D,'¢ and CAM-B3LYP'?
functionals were also used in some cases to assess the magnitudes of
cation—7 interactions. All stationary points were characterized as
minima or transition state structures by frequency analysis. For
representative transition state structures, intrinsic reaction coordinate
(IRC) calculations'” were performed to support putative connections
between transition state structures and minima; see the Supporting
Information for details.

B RESULTS AND DISCUSSION

The Parent Reaction. First, the intramolecular Schmidt
reaction of the parent cyclohexanone I (R;=R,=H, Scheme 1)
was examined. This system was shown to produce the fused
lactam II exclusively (in 83% yield) upon treatment with
trifluoroacetic acid (TFA).> In general, such reactions are
thought to involve initial formation of azidohydrin intermedi-
ates (1a—d, Scheme 2), followed by loss of N, and migration of
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the C—C bond that is antiperiplanar (red or orange in Scheme 2)
to the departing N, (these two events could occur sequentially,
although they are generally thought to be coupled).'® Assuming
that an antiperiplanar arrangement of the migrating C—C bond
and N, leaving group is required, intermediates la—c will lead
to fused lactam II-1, but intermediate 1d will lead to bridged
lactam III-1 (Scheme 2). If rapid interconversion of interme-
diates 1a—d (by reversion to 1./, and/or nitrogen inversion
for 1c-to-1d) is assumed (i.e., Curtin—Hammett conditions'?),
then the transition state structure from 1d to III-1 should be
higher in energy than at least one of the competing transition
state structures to form II-1, because only II-1 is observed for
the R;=R,=H system.

Are these assumptions borne out by the results of our
quantum chemical calculations? First, as shown in Figure 1, the
four azidohydrin intermediates are predicted to lie within ~1
kcal/mol of each other in water. In addition, these interme-
diates are indeed predicted to interconvert rapidly through
reversion to the ketoazide; 1.4 and 1,, are predicted to be ap-
proximately 9 kcal/mol higher in energy than the intermediates,
and the conversion from leq/ 1,, to the intermediates is pre-
dicted to be barrierless.”® All attempts to find transition state
structures for nitrogen inversion for lc and 1d failed when
using  CPCM(water,UFF)-M06-2X/6-31G(d,p),”* but such
transition state structures were located with other theoretical
methods (see the Supporting Information); barriers for inver-
sion processes were predicted to be low (< approximately
2 kcal/mol) with these methods. Consequently, it seems that
1c and 1d can interconvert by nitrogen inversion, while la—d
can interconvert by reversion to the ketoazide (1.q/1,,)-

The relative energies of the transition state structures con-
necting the intermediates to products span a slightly larger energy
range than do the intermediate energies, however (Figure 1 and
Table 1).** For example, transition state structure 1a-TS is
predicted to be 2 kcal/mol lower in free energy than 1d-TS.
Given that 1a-TS, 1b-TS, and 1¢-TS will yield the fused lactam
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Figure 1. Relative free energies (kcal/mol at 298 K, relative to that of
la.y; enthalpies in parentheses; CPCM(water,UFF)-M06-2X/6-31G-
(dp)) for intermediates and 1,2-alkyl shift/N,-loss transition state
structures in the acid catalyzed Schmidt reaction of I-1 (Scheme 2).
Selected distances (blue) in A.
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Table 1. Relative Free Energies (kcal/mol; Enthalpies in Parentheses) for Intermediates and Transition State Structures
Involved in the Acid-Promoted Schmidt Reactions of 1—8 and Product Ratios (Experimental and Calculated)”

fused/bridged
system RI R2 intermediates transition state structures exp calc
1 H H la 0.0 (0.0) 1a-TS 14.6 (15.2) >95:5 97:3
1b 1.0 (0.7) 1b-TS 16.4 (16.7)
1c 0.2 (02) 1c-TS 16.4 (16.8)
1d 0.6 (0.6) 1d-TS 16.6 (16.8)
2 trans-t-Bu H 2a 0.0 (0.0) 2a-TS 14.6 (15.0) 79:21 42:58
2b 1.3 (1.1) 2b-TS 16.9 (17.4)
2c —52 (—4.1) 2¢-TS 11.0 (12.4)
2d —4.6 (-3.5) 2d-TS 10.8 (12.6)
3 cis-t-Bu H 3a 0.0 (0.0) 3a-TS 14.7 (15.0) >95:5 only fused
3b 0.4 (0.5) 3b-TS 16.2 (16.6)
3c 9.1 (8.1) 3c¢-TS 25.4 (24.7)
3d 9.9 (8.7) 3d-TS 25.7 (24.8)
4 H SMe 4a 0.0 (0.0) 4a-TS 15.3 (15.5) 20:80 13:87 (30:70)
4b 0.3 (0.0) 4b-TS 16.6 (16.7)
4c -2.3 (-22) 4c-TS 15.4 (15.6)
4d -12 (-1.8) 4d-TS 13.8 (13.7)
S H OMe Sa 0.0 (0.0) 5a-TS 16.1 (16.4) 68:32 31:69 (81:19)
5b 2.9 (3.0) 5b-TS 15.5 (16.0)
Sc -2.6 (=2.7) 5¢-TS 15.6 (15.9)
5d 0.5 (1.5) 5d-TS 14.6 (15.6)
6 trans-t-Bu SMe 6¢ 0.0 (0.0) 6¢-TS 17.6 (17.7) 14:86 12:86 (1:99)
6d 0.9 (0.2) 6d-TS 16.4 (15.9)
7 H Ph 7a 0.0 (0.0) 7a-TS 14.6 (15.0) >95:5 85:15
7b 0.1 (—-0.3) 7b-TS 15.8 (16.0)
7c 1.9 (1.5) 7¢-TS 15.8 (15.1)
7d 0.7 (0.4) 7d-TS 15.5 (15.8)
8 trans-t-Bu Ph 8c 0.0 (0.0) 8c-TS 17.7 (17.5) 37:63 30:70
8d 2.7 (1.9) 8d-TS 17.2 (16.7)

“All energies for each system are relative to that for intermediate a (for 1—5 and 7) and c (for 6 and 8). All structures were optimized at the
CPCM(water,UFF)-M06-2X/6-31g(d,p) level. Calculated ratios are derived from Boltzmann distributions based on relative free energies of
transition state structures. Calculated ratios in parentheses are based on the free energies of transition state structures complexed to one explicit
water molecule (see text for discussion).
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Figure 2. IRC plot for 1a-TS (CPCM(water,UFF)-M06-2X/6-31G(d,p)). Selected distances are shown in A. Blue numbers correspond to N—C
distances for the forming bond and red numbers correspond to C—C distances for the breaking bond.
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Figure 3. Relative free energies (kcal/mol at 298 K| relative to that of la.g; enthalpies in parentheses; CPCM(water,UFF)-M06-2X/6-31G(d,p)) for
1,2-alkyl shift/N,-loss transition state structures in the acid catalyzed Schmidt reaction of I-4 (R,=SCH,) and I-5 (R,=OCH,). Only the lowest
energy conformation for each transition state structure is shown. Selected distances (blue and green) are shown in A.

whereas 1d-TS will lead to the bridged product, a Boltzmann
distribution (at 298.15 K) taking into account the relative free
energies of these four transition state structures leads to the
prediction that a 97:3 fused/bridged product ratio should be
expected (calculations using M06-2X/6-311++G(2d,2p) pre-
dicted essentially the same ratio).** This prediction agrees with
the experimental ratio of >95:5.” The larger difference in energies
between 1a-TS and the other transition state structures
compared to that for the corresponding intermediates is likely
associated with increased 1,3-diaxial interactions between CH,
groups of the azidoalkyl chains and the nearest CH, groups of
the cyclohexanol ring in the higher energy transition state struc-
tures. For example, the closest contact shortens from 2.23 A in
1d to 2.13 A in 1d-TS. The trans-decalin relationship of the two
rings in la and 1a-TS precludes such interactions.
Transformation of each intermediate to the corresponding
protonated product is a concerted process, with N, departure
slightly leading alkyl shifting (e.g,, Figure 2). The transition
state structures for these processes are early in terms of both
events, consistent with the transformations being very exer-
gonic, although the ring nitrogens are significantly more pyramidal
in the transition state structures than in the azidohydrin inter-
mediates (e.g., the sum of the angles around nitrogen for inter-
mediate 1a is 352°, whereas for 1a-TS it is 325°).
Conformationally Constrained Systems. As expected,
placing a tert-butyl group at the 4-position of the cyclohexanone
ring was effective at reducing the number of productive con-
formers from four to two by disfavoring those in which the tert-
butyl group would be axial (Table 1, systems 2 and 3).> When
the tert-butyl group is positioned trans to the azidoalkyl chain,
the 2a and 2b intermediate conformers and associated tran-
sition state structures (2a-TS and 2b-TS) are predicted to be
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3—7 kcal/mol higher in energy than the 2¢ and 2d conformers
and transition state structures, respectively, because the tert-
butyl groups in the former are in axial positions. Consequently,
passage through 2¢-TS is the dominant route to fused product
for this system. But, as for the parent system, the energy
difference between 2¢-TS and 2d-TS is predicted to be very
small (here, AAG* = —0.2 and AAH* = 0.2). Experimentally,
significant amounts of both fused (from 2¢-TS) and bridged
(from 2d-TS) lactams were produced.>>* When the tert-butyl
group is positioned cis to the azidoalkyl chain, the 3¢ and 3d
conformers and transition state structures are predicted to be
8—11 kcal/mol higher in energy than the 3a and 3b structures,
because of severe steric clashes between the azidoalkyl and tert-
butyl groups (see the Supporting Information for geometries).
Consequently, formation of only the fused lactam product is
predicted, consistent with what is observed experimentally.”
Electron-Rich Substituents. It was reasoned previously
that installing a group capable of participating in lone pair—
cation interactions, such as an ether or thioether, at the R, posi-
tion (Scheme 1) would lead to preferential stabilization of
intermediate d and the transition state structure following it,
because the R, substituent and the cationic diazonium group
would have a 1,3-diaxial relationship.%® Since this transition state
structure would lead to the bridged product, it was hoped that the
use of ether or thioether substitutents would shift the product
distribution toward bridged lactams. As discussed above, the ring
nitrogen is predicted to be more pyramidal in the transition state
structure than in the intermediate, so any selective stabilization
should be more pronounced for the transition state structures.
Our calculations predict (see Table 1) that inclusion of a
SCH; group at the R, position (Table 1, system 4) is indeed
sufficient to reverse the fused/bridged preference, consistent
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Figure 4. Relative free energies (kcal/mol at 298 K, relative to that of 1a,
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; enthalpies in parentheses; CPCM(water,UFF)-M06-2X/6-31G(d,p)) for

1,2-alkyl shift/N,-loss transition state structures in the acid catalyzed Schmidt reaction of I-4 (R,=SCHj) and I-5 (R,=OCHj,) with one explicit water
molecule included. Only the lowest energy conformation for each transition state structure is shown. Selected distances (blue and green) are shown
in A. Note that in 4a-TS and 5a-TS, the water molecule blocks the view of one axial C—H bond.

with experimental results (notice that the selectivity predicted
by intermediate enerégies would not be consistent with the
experimental results).” In 4d-TS (Figure 3), the S atom and N,
leaving group are only 2.77 A apart, and the central N atom of
the Nj unit is bent toward the S atom, consistent with a
favorable interaction between these groups.”® Experimentally,
installing a methoxy group at the R, position (Table 1, system S),
however, did not lead to a 6predominance of the bridged prod-
uct (68:32 ratio; Table 1).%%° This result was surprising, given
the assumption that the lone pairs of the methoxy oxygen could
also participate in interactions with the cationic diazonium
group.® Along these lines, our calculations predict that the 5d-
TS transition state structure is actually lowest in energy, and
consequently, we predict a 32:68 ratio of fused to bridged
lactams, the opposite of the experimentally observed ratio.”” As
shown in Figure 3, the lowest energy transition state for
both the thioether and methoxy systems is the d-TS, but the
XCH,; conformation is different for each. While both lowest
energy transition state structures appear to have a lone pair—
cation interaction, Sd-TS appears also to have an intramolec-
ular hydrogen bond not present in the lowest energy conforma-
tion of 4d-TS. Given that such a hydrogen bond is less likely in
the environment of the experiments (generally, TfOH in CH,Cl,),
we decided to examine the effect of including an explicit water
molecule (a crude model of TfOH and TfO™) or an explicit
CH,Cl, molecule in the calculations (water-complexed systems
are shown in Figure 4; CH,Cl,-complexed systems can be
found in the Supporting Information). Upon including a water
molecule, the predicted ratio did not change much for the thioether
(30:70), but the product preference was indeed reversed for the
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methoxy-substituted system (81:19), now in reasonable agree-
ment with the experimental ratio. Upon complexation, tran-
sition state structure 5a-TS became the lowest in energy, and
the conformation of 5d-TS with the intramolecular hydrogen
bond was predicted to be ~5 kecal/mol higher in energy (see
the Supporting Information).”®

What is the origin of this reversal of selectivity? To address
this issue, we performed NBO analysis on 4d-TS and 5d-TS
(Figure 4) to attempt to quantify the magnitude of interactions

Table 2. NBO Analysis for SCH; (4d-TS) and OCH;,
(5d-TS) Substituted Transition State Structures (Figure 4)
(CPCM(water,UFF)-M06-2X/6-31G(d,p))“

4d-TS 5d-TS
ng0 < 6%, 3.6 7.2
ng/0 © 0%c_c, 0.0° 27
ng/0 < 0%c g, 7.1 10.8
ng/0 < TFN_N 9.5 4.0

“All energies are reported in kcal/mol. a—d atom labels are shown in
Figure 4. ®Threshold is 0.5 kcal/mol.

involving the S and O lone pairs. As shown in Table 2, hyper-
conjugation involving O lone pairs and nearby C—C bonds
(present in all transition state structures) is predicted to be
stronger than that involving S lone pairs (likely because of the
better orbital overlap associated with O and C being in the
same period), but the lone-pair cation (7%y_y) interaction is
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predicted to be stronger with S than with O.* This effect is
counterbalanced somewhat by decreased steric interactions in
4a-TS compared to 5a-TS due to the longer C—XCH; bond
with X=S.

As expected, when a tert-butyl group is appended to the
cyclohexanone system (system 6; Table 1) there is still a
preference for the bridged product.’ In this case, calculations
with an explicit water molecule overestimate the preference for
the bridged product.

Replacing the XCH; groups in systems 4 and S (Table 1)
with XH groups is predicted to lead to an interesting change in
product selectivity. Although making such a change might be
expected to promote the formation of fused products because
steric problems for the a-TS transition state structures would
be reduced, it actually is predicted to promote the formation
of bridged products, even for the X=O system (the XH ana-
logues of 4d-TS and S5d-TS are predicted to be 1.3 and
1.7 kcal/mol lower in energy than the XH analogues of 4a-TS
and Sa-TS). Changing from XCH; to XH has two important
consequences that may selectively favor the d-TS transition

Figure 5. Computed structures for XH analogues of 4d-TS and 5d-TS
complexed to water (CPCM(water,UFF)-M06-2X/6-31G(d,p)).
Selected distances (blue and green) are shown in A.

state structures. First, additional hydrogen bonds are intro-
duced for 4d-TS and 5d-TS (Figure S) but not for 4a-TS and
5a-TS. Second, these hydrogen bonds are expected to increase
the electron density on X, thereby increasing the strength of
the lone pair—cation interactions. The first of these clearly
contributes, but the role of the second is unclear, since X—N
distances actually increase upon changing from XCH; to XH,
hinting that the new hydrogen bonding interactions may take
precedence over the lone pair—cation interactions. The pre-
dicted change in selectivity awaits experimental verification.

Aryl Substitutents. As shown in Table 1, including a phenyl
group (system 7), which could provide selective transition state
stabilization through a cation—7 interaction,” at the R, position
is by itself not enough to change the preference for fused prod-
uct (experimentally observed and predicted).”® Note, however,
that this preference is predicted to be less for system 7 than for
system 1, indicating that the phenyl group does have an effect.
For system 8, 8c-TS and 8d-TS are predicted to be very close
in energy (Table 1), implying that conformationally locking the
system into these two forms should lead to a mixture of fused and
bridged product, which is observed experimentally.”

Is the effect of the phenyl group actually the result of a
cation—7 interaction? As shown in Figure 6, the phenyl ring in
7d-TS does prefer to orient itself so as to face the N, leaving
group, even though this increases steric effects with one CH,
group. Furthermore, the distance from the center of the phenyl
ring to the N, group is 3.20 A, which is well within the range of
typical cation—x interactions.’
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Figure 6. Relative free energies (kcal/mol; 298 K; enthalpies in
parentheses) for the acid-catalyzed intramolecular Schimdt reaction of
a-substituted methyl thioether ketones. Structures were optimized
using M06-2X/6-31G(d,p) in water (CPCM;UFF). Only the lowest
energy conformers are shown. Note that the 7d-TS structure is viewed
from a different angle than in previous figures.

8d-TS-OMe 8d-TS 8d-TS-NO,

M06-2X 0.8 (3.04 A) 0.4 (320 A) 07334 A)
Mo6-2X® 0.8 (3.02 A) 0.3 (3.18 A) 0.7 (333 A)
Mo6-2x® 1.1 (314 A) 0.4 (3.25 A) -0.8(3.35 A)
B3LYP -1.1@301A) 15327 A) 0.6 (3.50 A)
CAM-B3LYP -0.1(3.15A) 02(3.33A) -0.1(3.46 A)
wB97X-D -1.2(3.05 A) 0.1 (326 A) 0.7 (3.37 A)

Figure 7. Electrostatic potential maps (isovalue = 0.007; 0.07 (red,
most negative) to 0.25 (blue, least negative)) for transition state
structures 8d-TS-OMe/8d-Ts/8d-TS-NO2 and predicted free energy
differences (kcal/mol) between the d-TS and c¢-TS transition state
structures optimized with different methods (all with CPCM-
(water,UFF) and the 6-31G(d,p) basis set except for (a) optimized
using CPCM(CH,CI,,UFF) and (b) optimized using the
6-311+G(d,p) basis set).

As an additional probe, representative electron-donating
H,) and -withdrawing (NO,) groups were added to the
OCH;) and hd g (NO,) group dded h

dx.doi.org/10.1021/j0202338m | J. Org. Chem. 2012, 77, 640—647



The Journal of Organic Chemistry

para position of the aromatic ring for system 8 (the tert-butyl-
containing analogue of system 7, Table 1), and the energy
differences between the c-TS and d-TS transition state struc-
tures were evaluated at various levels of theory (Figure 7, bottom;
see the Methods section for details). Among the functionals
examined, only M06-2X predicts that the bridged product is
favored for both Ph and para-OCH;—Ph systems, an effect
observed experimentally when promoting these reactions with a
Lewis acid.*' Overall, all methods predicted only a small
substituent effect on product selectivity and no significant decrease
in preference for bridged product upon switching from para-
OCHj; to para-NO,. Experimentally, using a Lewis acid catalyst
led to a roughly equal mixture of fused and bridged products.®*
All methods predicted, however, an increase in the distance
between the center of the phenyl ring and the N, group as the
aryl group changes from para-OCH;—Ph to Ph to para-NO,—
Ph. In addition, although the effect is subtle, the N, group
appears to be most positively charged for the para-NO,—Ph
substitgged system (see Figure 7, top, for electrostatic potential
maps).

B CONCLUSIONS

The results of quantum chemical calculations on acid-promoted
intramolecular Schmidt reactions of azidopropylcyclohexanones
indicate that these reactions involve rapid and reversible
formation of azidohydrin intermediates followed by concerted
N,-loss and shifting of the alkyl group that is antiperiplanar to
the N, leaving group. The M06-2X functional was found to
predict product ratios for these reactions that generally agree
with experimentally determined ratios. The roles of steric effects,
lone pair—cation and cation—7 interactions on the fused/bridged
product selectivity have been confirmed, characterized theoretically
and quantified. While other explanations for the effects described
herein may be possible, the reactivity models we describe are
consistent with the experimental results and have predictive
value.

B ASSOCIATED CONTENT

© Supporting Information

Additional details on computations, including energies and
coordinates for all minima and transition state structures, IRC
plots, and full GAUSSIAN reference. This material is available
free of charge via the Internet at http://pubs.acs.org.
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